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ABSTRACT 
 
Water vapor mixing ratios in the upper troposphere and lower stratosphere measured 
by the Aura Microwave Limb Sounder version 2.2 (Aura-MLS) instrument have been 
compared with Global Forecast System (GFS) analyses at five levels within the 300 – 100 
hPa layer and North American Mesoscale (NAM) model analyses at six levels within the 300 
– 50 hPa layer over the two years of 2005 and 2006 at four analysis times. Probability density 
functions of the vapor mixing ratios suggest that both analyses are often moister than Aura-
MLS values, but NAM model analyses agree somewhat better with Aura-MLS measurements 
than GFS model analyses over the same North American domain at the five common levels. 
Examining five subsets of the global GFS domain, the GFS model analysis is moister than 
Aura-MLS estimates everywhere except at 150 and 100 hPa in all regions outside of the 
tropics. NAM model analysis water vapor mixing ratios exceeded the Aura-MLS values at all 
levels from 250 to 150 hPa in all four seasons of both years and some seasons at 100 and 50 
hPa. Moist biases in winter and spring of both years were similar at all levels, but these moist 
biases in summer and fall were smaller in 2005 than in 2006 at all levels. These differences 
may be due to the change in the NAM from using the Eta to using the Weather Research and 
Forecasting (WRF) model in June 2006.    
NAM analysis data and the Weather Research and Forecasting (WRF) Advanced 
Research WRF (ARW) model version 2.2 are used to investigate the mechanisms involved in 
the transport of water vapor in the upper troposphere and lower stratosphere (UTLS) affected 
by deep convective system activity. In an examination of two convective system events 
occurring over the United States, it is found that hourly water vapor changes in the UTLS 
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were mostly affected by advection and microphysical processes, with mixing playing less of 
a role during the period of convective system activity. Hourly moistening rates averaged over 
the vicinity of deep convection (VODC) in the UTLS increased during the time that 
convective system activity developed, and reached maximum values at the same time that the 
strongest convection and heaviest precipitation occurred at the surface. In the upper 
troposphere levels, the hourly positive water vapor tendencies were mainly due to both 
vertical and horizontal advection, though, the rate of water vapor tendencies due to vertical 
advection was greater. Water vapor tendencies due to microphysical processes were 
noticeable in this layer, where they tended to oppose the moistening due to advection. Near 
the tropopause and lower stratosphere levels, water vapor tendencies due to horizontal 
advection alone resulted in an increase in water vapor somewhat before/after the demise of 
the convective system, instead of at the time of intense convective system activity. 
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CHAPTER 1.  GENERAL INTRODUCTION 
 
Introduction 
 
The upper troposphere and lower stratosphere (UTLS) is of great interest in the 
atmospheric science community due to its key role in chemistry-climate interaction. One of 
the most important trace gases in the UTLS is water vapor, which plays an important part in 
the radiative and dynamic properties of the Earth’s atmosphere (Manabe and Stouffer 1993; 
Peixoto and Oort 1992). 
During the last several years, many satellite instruments have been providing 
measurements of UTLS (Rind et al. 1991). For example, the Earth Observing System (EOS) 
Microwave Limb Sounder (MLS) instrument from the Aura satellite began producing  
observations of UTLS water vapor in August 2004. By comparing aircraft data with the 
European Centre for Medium Range Weather Forecasts (ECMWF) analyses, Ovalez and van 
Vethoven (1997) found that the mixing ratio from ECMWF analyses was moister than 
aircraft measurements in the upper troposphere and drier than aircraft measurements in the 
stratosphere. Using radiosonde data, Gaffen et al. (1992) determined the annual cycles of 
atmospheric humidity in the lower troposphere. Radiative forcing is very sensitive to changes 
in humidity around the tropopause (Shine and Sinha). In the Chapter 2, the study will 
compare water vapor observations from Aura-MLS with model analyses on both regional and 
global scales to determine how well the National Center for Environmental Prediction’s 
(NCEP’s) Global Forecasting System (GFS) and North American Mesoscale model (NAM) 
analyses of water vapor compare with Aura-MLS data in the UTLS.  
2 
 
In addition, the processes that contribute most to the UTLS water vapor distribution 
are still not completely understood. Holton et al. (1995) has given a general and 
comprehensive review about the stratosphere-troposphere exchange. Zhu et al. (2000) 
determined from measurements of the Microwave Limb Sounder (MLS) on board the Upper 
Atmosphere Research Satellite (UARS) that the moisture in the tropical upper troposphere is 
most likely increased mainly by intensified local convection. The main source of water vapor 
for the tropical upper troposphere is from deep convection (Betts, 1990). The relationship 
between UTLS moisture and convective events has been mentioned in numerous studies, 
both using observation and modeling (e.g. Arakawa and Schubert, 1974; Newell and Gould-
Stewart, 1981; Page, 1982; Danielsen, 1982a; Hansen et al., 1984; Lindzen, 1990; Betts, 
1990; Rind et al., 1991, 1993; DelGenio et al., 1991; Sun and Lindzen, 1993; Soden and Fu, 
1995). Previous studies suggested that the changes in tropical deep convection were 
positively correlated to changes in upper tropospheric humidity (Soden and Fu, 1995; Newell 
et al., 1997; Liao and Rind, 1997; Yang and Tung, 1998). Recently, Salathe and Hartmann 
(1997), Soden (1998), Pierrehumbert (1998), Pierrehumbert and Roca (1998) have shown 
that the humidity distribution in the tropical upper troposphere was mainly determined by 
vertical and horizontal moisture transport. This study will use a mesoscale model (e.g. WRF) 
to investigate the mechanisms involved in the transport of water vapor in the UTLS affected 
by deep convective system activity over the United States. In addition, the results from 
numerical model simulations will determine what associated processes contribute most to the 
water vapor distribution in the UTLS and the amount of water vapor transported during the 
most active period of convective systems. This is also addressed with the help of backward 
trajectories calculated from WRF simulations. 
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Thesis Organization 
 
This study will compare water vapor data from satellite with both global and regional 
model analyses.  The comparisons will use water vapor data from the MLS instrument on the 
Aura platform, GFS, and NAM model analyses.  With the use of a high-resolution regional 
meso-scale model, this study will also investigate the physical processes involved in 
transporting water vapor in the upper troposphere and lower stratosphere caused by 
thunderstorm system activity over the United States.  In Chapter 1, I lay out the general 
introduction of the project problem.  Chapter 2 describes the comparisons of Aura-MLS 
water vapor measurements with GFS and NAM analyses in the upper troposphere/lower 
stratosphere in a paper which my major professor, Dr. William A. Gallus Jr., and I submitted 
to Journal of Atmospheric and Oceanic Technology.  Using the WRF model to investigate 
the transport processes of water vapor in the vicinity of deep convection is presented in 
Chapter 3. My professor and I plan to submit the results from Chapter 3 to the Monthly 
Weather Review. Chapter 4 provides the study of sensitivity of MLS data to algorithm 
choices. Chapter 5 summarizes the research findings from this work and offers 
recommendations for future research.  
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CHAPTER 2.  Comparison of Aura- MLS water vapor measurements with GFS 
and NAM analyses in the upper troposphere/lower stratosphere  
 
 
Modified from a submission to the Journal of Atmospheric and Oceanic Technology 
 
Le Van Thien1, William A. Gallus, Jr.1 and Mark A. Olsen2 Nathaniel Livesey3 
 
Abstract 
 
Water vapor mixing ratios in the upper troposphere and lower stratosphere measured 
by the Aura Microwave Limb Sounder version 2.2 (Aura-MLS) instrument have been 
compared with Global Forecast System (GFS) analyses at five levels within the 300 – 100 
hPa layer and North American Mesoscale (NAM) model analyses at six levels within the 300 
– 50 hPa layer over the two years of 2005 and 2006 at four analysis times. Probability density 
functions of the vapor mixing ratios suggest that both analyses are often moister than Aura-
MLS values, but NAM model analyses agree somewhat better with Aura-MLS measurements 
than GFS model analyses over the same North American domain at the five common levels. 
Examining five subsets of the global GFS domain, the GFS model analysis is moister than 
Aura-MLS estimates everywhere except at 150 and 100 hPa in all regions outside of the 
tropics. NAM model analysis water vapor mixing ratios exceeded the Aura-MLS values at all 
levels from 250 to 150 hPa in all four seasons of both years and some seasons at 100 and 50 
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hPa. Moist biases in winter and spring of both years were similar at all levels, but these moist 
biases in summer and fall were smaller in 2005 than in 2006 at all levels. These differences 
may be due to the change in the NAM from using the Eta to using the Weather Research and 
Forecasting (WRF) model in June 2006.    
 
1. Introduction 
 
Satellites have become an important source of atmospheric data in recent decades. 
They have been particularly useful in providing information in the upper troposphere and 
stratosphere where measurements from other instruments are rare (e.g. Hegglin et al., 2008).  
Although the amount of water vapor in the upper troposphere and lower stratosphere 
is small, water vapor in this region is important to the earth’s climate system. In addition to 
its role as one of the most important greenhouse gases in the atmosphere (e.g. Raval and 
Ramanathan 1989; Held and Soden 2000), water vapor in the upper troposphere is important 
in cirrus cloud formation (e.g Eguchi and Shiotani 2004). Climate change prediction is 
strongly dependant on the background water vapor concentration (Forster and Shine, 2002). 
Stratospheric water has two primary sources: oxidation of methane in the upper-stratosphere 
and transport from the troposphere. In addition, water vapor is involved in many 
photochemical reactions such as its contribution to ozone depletion (Solomon et al. 1986).  
Research interest in improved understanding of the distribution and transport processes of 
water vapor in the upper troposphere and lower stratosphere is great.  
Comparisons of water vapor observations in the upper troposphere and lower 
stratosphere with operational center analyses have been rare and generally limited to the 
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European Center for Medium-Range Weather Forecast (ECMWF) analyses.  By comparing 
the ECMWF operational relative humidity analyses with the Measurements of Ozone and 
Water Vapor by Airbus In-Service Aircraft (MOZAIC) data, Dethof et al. (1999) showed that 
the ECMWF operational analyses can be used to investigate the transport of moisture from 
the troposphere into the stratosphere. Dunkerton (1995) concluded from rawinsonde data and 
ECMWF analyses that the Asian and North American monsoons can transport significant 
mass into the lower stratosphere. Ovarlez and van Velthoven (1997) and Ovarlez et al. (2000) 
compared water vapor from ECMWF analyses with aircraft measurements from the 
POLINAT (Pollution from Aircraft Emissions in the North Atlantic flight corridor) 
experiments taken over a small area over the North Atlantic. They found that the ECMWF 
analyses in the upper troposphere underestimated the range of upper troposphere variations, 
being moister than the aircraft readings in dry environments and drier in wet environments.  
Although their comparisons were performed for only four days, discrepancies were attributed 
to the radiosonde water vapor measurements used in the model not being accurate in the 
troposphere and not used at all in the stratosphere.  
In a similar manner, Oikonomou et al. (2006) used the ECMWF 40-year Reanalysis 
(ERA-40) ozone and water vapor reanalysis data to compare with independent satellite data 
from the Halogen Occultation Experiment (HALOE) and Microwave Limb Sounder (MLS) 
instruments on board the Upper Atmosphere Research Satellite (UARS) and with data from 
the MOZAIC program. They showed for water vapor that ERA-40 was drier than HALOE in 
the upper and middle stratosphere and moister than MOZAIC near the tropopause and upper 
troposphere. The dry bias in the upper and middle stratosphere was explained by the methane 
oxidation scheme used in the reanalysis. In a recent study, Luo et al. (2008) indicated an 
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overall dry bias in the ECMWF analyses in comparison with the MOZAIC data, at least 
before a supersaturation adjustment was implemented in the ECMWF cloud 
parameterization.   
The purpose of the present study is to determine how well the National Center for 
Environmental Prediction’s (NCEP’s) Global Forecasting System (GFS) and North 
American Mesoscale model (NAM) analyses of water vapor compare with Aura-MLS data in 
the upper troposphere and lower stratosphere on both global and regional scales. In addition, 
results from this study have value in diagnosing possible errors in both the GFS and NAM 
model initializations and can be used in future studies of physical mechanisms for transport 
of moisture between the upper troposphere and lower stratosphere.  The results support the 
need for assimilating satellite retrievals into models, potentially improving forecasting 
ability. 
 
2. Data and Methodology 
 
Water vapor mixing ratios from two years, 2005 and 2006, during four seasons, 
denoted in this study as winter [January and February 2005 (JF) and December 2005, 
January, and February 2006 (DJF)], spring [March, April, and May (MAM)], summer [June, 
July, and August (JJA)], and fall [September, October, and November (SON)] have been 
compared between Aura-MLS measurements and GFS and NAM analyses. Water vapor 
volume mixing ratios (parts per million by volume) in the model analyses were computed 
using temperature and relative humidity data from the following equations: 
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qv = e / (p - e)*106                   (1) 
e = es(T) * RH/100         (2) 
es(T) = 6.112 * exp[(6816 * (1/273.15 - 1/T)) + (5.1309 * ln(273.15/T))],   (3) 
where qv is water vapor volume mixing ratio (ppmv), e is the water vapor pressure (hPa), T is 
the temperature (K), RH is the relative humidity (%), es(T) is the saturation water vapor 
pressure (hPa), and p is pressure (hPa). 
Comparisons were performed at five levels for both the NAM and GFS analyses: 300, 
250, 200, 150, and 100 hPa.  An additional comparison was done at 50 hPa for the NAM 
analyses since NAM data were available at that level. Aura-MLS water vapor volume mixing 
ratio data were interpolated using a log/log interpolation to these levels. 
The GFS includes a medium range forecast model (MRF) and a global data 
assimilation system (GDAS). The GFS was developed experimentally (MetEd, 2007) during 
the late 1970s and implemented as the global forecast model at the National Meteorological 
Center (NMC, now the National Centers for Environment Prediction, NCEP) on 18 March 
1981.  During the years evaluated in the present study, the GFS was run four times per day. 
The analysis scheme used during 2005 and 2006 was a three-dimensional variational data 
assimilation (3DVAR) scheme referred to as the Spectral Statistical Interpolation (SSI) 
algorithm (Derber et al. 1991; Parish and Derber 1992; Derber and Wu 1998). The analysis 
system integrated all of the observational information (including radiances from several 
satellites, surface temperatures, radiosonde data, aircraft winds, and temperatures, and other 
observations) (Caplan et al. 1997). Above 300 hPa, it used directly only radiances from 
satellites for analysis variables (e.g. temperature, humidity) (Derber, 2009, NCEP, personal 
communication). The radiance data came from three instruments, the High Resolution 
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Infrared Radiation Sounder (HIRS), the Microwave Sounding Unit (MSU), and the 
Stratospheric Sounding Unit (SSU). The Joint Center for Satellite Data Assimilation 
(JCSDA) Community Radiative Transfer Model (CRTM) was incorporated into the SSI to 
improve radiance assimilation. Derber et al. (1998) noted that most of the errors in the data 
were from the ground processing (e.g., cloud clearing, correction to nadir, etc.) and radiative 
transfer errors. The direct use of radiances in the analysis showed considerable improvement 
in NCEP’s forecast skill, especially in the Southern Hemisphere. GFS data interpolated to a 1 
degree grid and initialized at the four analysis times (e.g. 00 06 12 18 UTC) were used for the 
comparisons in the present study. The GFS data covered the globe, and comparisons were 
made in five sub-regions defined as Tropics (TP) restricted by latitudes ranging from 300S to 
300N, Northern Mid-latitude (NM) with latitudes from 300N to 600N, Northern Polar (NP) 
with latitudes from 600N to 900N, Southern Polar (SP) with latitudes from 900S to 600S, 
and Southern Mid-latitude (SM) with latitudes from 600S to 300S (Figure 1). 
 The NAM analyses covered North America and nearby ocean regions with 12 km 
grid spacing. The comparisons between NAM analyses and the Aura-MLS over the NAM 
domain (longitudes from 133.4590W to 63.95480W and latitudes from 12.190N to 
59.51320N) are performed at four model analysis times (00 06 12 18 UTC). The NAM 
analyses were from the Eta model (Mesinger et al. 1988; Janjic 1994) during the January 
2005 through June 20, 2006 portion of our study period, but the Eta was replaced on June 21, 
2006 with the Weather Research and Forecasting model using the Nonhydrostatic Mesoscale 
Model dynamic core (WRF-NMM; Janjic 2003) and Gridpoint Statistical Interpolation (GSI) 
analysis. It is important to note that there are some differences between the two models. The 
new WRF model uses hybrid sigma-pressure layers which replaces the step-mountain eta-
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layers in the ETA model. In the new GSI analysis, two of the main new features are the back-
ground error covariance generation and humidity analysis variable. The back-ground error 
covariances, which were previously generated from lagged forecast differences, are now 
generated from a Monte-Carlo method. The humidity analysis variable, which used to be 
pseudo-relative humidity, is now normalized relative humidity. The domain, grid spacing, 
and output grid geometry did not change. By comparing data from the three month summer 
(JJA) and three month fall (SON) seasons between 2005 and 2006, differences due to the use 
of the two different models may be identified. 
Both the GFS and NAM analyses used data from satellites for operational 
assimilation at NCEP. The data sources currently used and expected to be implemented in the 
near future in the assimilation include geostationary, Aqua, and Terra for atmospheric wind 
vectors, SSM/I surface wind speeds, scatterometers, GPS radio-occultation, SSM/I and 
TRMM precipitation estimates, SBUV ozone profiles, radiances from AMSU-A (N-
15,16,18,METOP, EOS-AQUA), AMSU-B/MHS(N-15,16,17,18,METOP) HIRS(N-
16,17,18,METOP), AIRS(EOS-AQUA), GOES Sounders (1x1-4 detectors, G-11, G-12), and 
imagers (AVHRR,GOES, METEOSAT, etc.) (Derber, 2007, NCEP, personal 
communication). Thus, the Aura-MLS data are not assimilated in either the NAM or the GFS 
analysis systems and so the Aura-MLS dataset is useful for comparison with GFS and NAM 
analyses.  
The MLS is one of four instruments on the NASA Aura satellite, launched in July 
2004 in a sun-synchronous polar orbit.  The first version of the MLS data set was version 1.5 
(v1.5) (Liversey et al. 2005). The present study uses version 2.2 MLS water vapor mixing 
ratios in the upper troposphere and stratosphere, even in the presence of cirrus where 
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observations by other techniques (infrared, visible, and ultraviolet) could be flawed. The v2.2 
water vapor mixing ratios were filtered before they were used in the comparisons. The 
filtering was based on recommended criteria of the data having positive precision values, 
quality values greater than 0.9, and an even profile status. A positive precision value 
indicates that the retrieved water vapor is mostly from radiance information. The quality 
values refer to the goodness of the residual between the measured and calculated radiances. 
Larger values of quality generally indicate good radiance fits and therefore trustworthy data. 
The status values are integers indicating circumstances where profiles are not to be used. An 
odd value of status implies that profiles should never be used in any scientific study. Some 
nonzero even values of status indicate the retrieval algorithm detected cloud signatures in 
some radiances (Read et al. 2007, Livesey et al., 2007).  
Aura-MLS measurement locations for a 24 hour period include tangent points for 
individual limb scans with 200 km along track separation between adjacent limb scans and 7 
km across track spacing and a vertical resolution of about 1.5-3.5 km from 316 hPa to 4.6 
hPa (Livesey et al., 2007). Each satellite data point thus represents an area 200 km long and 7 
km wide, areas much different from the GFS and NAM grid boxes.  Thus, water vapor 
mixing ratios in the model analyses were averaged over these same 200 x 7 km blocks for 
comparison with the Aura-MLS data. However, since the horizontal grid spacing of the GFS 
and NAM are 1 degree and 12 km, respectively, the average is performed only in the 
latitudinal direction, over two grid points for GFS and seventeen grid points for NAM. In 
addition, Aura-MLS data points (each measurement is taken roughly 25 seconds apart) were 
collected within a 6 hour period (+/- 3 hours window) centered on the model analysis time 
for the comparison. The +/- 3h window used for the Aura-MLS observations was chosen to 
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be consistent with the data window used in the model analyses (e.g. Caplan et al. 1997). The 
differences in spatial resolution between the model analyses and Aura-MLS data may 
contribute to some differences seen in the comparisons. A deeper understanding of these 
differences is beyond the scope of the present study.  
Model analyses were compared with Aura-MLS v2.2 data primarily using two 
techniques, the first being conditional probability density functions (PDFs) of individual 
water vapor measurements, and the second, box-and-whisker diagrams of relative 
differences. The PDFs show the fraction of the observations that measure a specified value. 
This powerful tool is ideal for use on large data sets and supplies detailed information on the 
variability and bias of the data under a wide variety of atmospheric states and geophysical 
locations (e.g. Sparling and Bacmeister, 2001). The PDFs are used not only to compare the 
model analyses with satellite observations but also to compare the analyses themselves. Box 
and whisker diagrams are particularly useful for comparing distributions between several 
seasons and between models. The diagrams show the spread of a set of data with the upper 
quartile, lower quartile and the median. The median is indicated by a line dividing the box 
into two parts. The whiskers are straight lines extending from the ends of the box to the 
maximum and minimum values, thus showing “outliers” which may indicate inaccurate data. 
Because of the large number of plots generated by these comparisons, a web site has been 
established at http://www.meteor.iastate.edu/~lvthien/ISU_MLS.htm to complement the 
limited amount of plots discussed below. Also, because differences between the models and 
Aura-MLS observations are similar at the four analysis times, the results discussed below are 
restricted to 12 UTC for GFS and 18 UTC for NAM.  
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3. Results 
 
a. GFS analyses compared to Aura-MLS observations 
1) TROPICS (300S - 300N) 
 
The tropical region is an area with strong upper-tropospheric moistening and the 
deepest convection on Earth (e.g. Alcala and Dessler, 2002).  For the tropical region in the 
present study, the Aura-MLS and GFS analysis data points covered both continental (Africa) 
and oceanic (central Pacific) regions at the 12 UTC analysis times (Figure 1) and at 00 UTC 
(not shown). At 06 and 18 UTC the data points covered southern America, central Atlantic, 
southern Asia and eastern Indian Ocean (not shown). Although the data are at different parts 
of the globe, the PDFs for this area were similar in shape in all four seasons of both 2005 and 
2006 at all analysis times (more details in supplemental web site).  Results from summer 
2005 at 12 UTC are shown in Figure 2.  The majority of GFS data points were moister than 
Aura-MLS values at all levels from 300 to 150 hPa. This trend is found to be the same at all 
four analysis times in all seasons in 2005 and 2006 (more detail in supplemental web site). 
Box and whisker diagrams (Figure 3) show clearly a moist bias at the tropical tropopause 
level in winter and spring and throughout the tropical upper troposphere in all seasons. The 
tropical tropopause layer (TTL) in this region, sometimes also called the tropical transition 
layer, is usually around 100 hPa. The medians of the differences between GFS analyses and 
Aura-MLS observations are roughly zero at 100 hPa in summer and fall (Figure 3) so that the 
GFS analyses do not appear to have a dry or moist bias compared to Aura-MLS observations 
during these seasons. In winter and spring, however, GFS analyses are overall moister than 
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Aura-MLS data. Although one might suspect problems in the MLS data around 100 hPa due 
to the averaging kernel used in this region where substantial moisture gradients might exist 
across the tropopause, Read et al. (2007) show that MLS data at 100 hPa agreed well with 
balloon data, and that there was almost no contribution to the 100 hPa value from the 147 
hPa level where conditions would likely be more moist.  The air observed at this region is 
driest in the winter and wettest in the summer (e.g. SPARC 200), and a moist bias during this 
time may indicate problems due to a lack of these observations in the GFS analysis. The 
seasonal changes could be due to a cold bias near the tropopause/lower stratosphere which 
leads to enhanced dehydration in the stratosphere.  Such a cold bias could occur if the 
model’s convective scheme is too vigorous, for instance, with the tropopause height being 
too high. 
In general, at all levels below the TTL in all seasons the GFS is moister than Aura-
MLS, and the mean values of GFS mixing ratios are greater than those of Aura-MLS.  It is 
worth noting that over these regions a maximum in convection is consistent with a maximum 
in upper tropospheric moisture. The deep convection over these regions may lead in the GFS 
model to creating excessive moisture in the analyses in the tropical upper troposphere.  In 
addition, Spichtinger et al. (2003) used UARS (Upper Atmosphere Research Satellite) MLS 
data which showed that ice supersaturation occurred most frequently over these tropical 
regions in the upper troposphere, and the ice supersaturated regions were colder and moister 
than other nearby regions. The excessive supersaturation in the analysis associated with the 
moist bias may be related to errors in the estimate of humidity background errors which in 
practice are not known and must be modeled (Dee and Da Silva 2003). 
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2) NORTHERN MID-LATITUDES (300N - 600N) 
 
For northern mid-latitudes, the Aura-MLS and GFS analysis data points mainly 
covered Europe and the North Pacific Ocean at the 12 UTC analysis time (Figure 1) and at 
00 UTC. At 06 and 18 UTC the data covered much of the northern Atlantic Ocean and Asia 
(not shown). Despite differences in the regions of coverage, the PDFs comparing GFS 
analyses and MLS data were similar at all four analysis times (see supplemental web site at 
http://www.meteor.iastate.edu/~lvthien/ISU_MLS.htm for more details).  At 12 UTC the 
GFS PDFs for this region have the modes at higher water vapor values than Aura-MLS PDFs 
at levels from 300 hPa to 200 hPa throughout all seasons.  On the other hand, at 150 and 100 
hPa the GFS PDFs have the modes at lower water vapor magnitudes than Aura-MLS PDFs at 
all seasons except at 150 hPa in JF05 and MAM05. This can be seen in the PDF comparison 
for summer 2006 (Figure 4). Also the mean values found in this figure are greater for GFS 
than for Aura-MLS at all levels except at 100 hPa.  Figure5 shows box and whisker diagrams 
of relative differences between GFS and Aura-MLS values which allows for comparison of 
different seasons both in magnitudes and percentages. A GFS dry bias existed at 100 hPa in 
all seasons except for MAM05.  This pattern of biases relative to height remains relatively 
the same in all four seasons, despite the fact the average tropopause height varies over these 
seasons in the region.  The moist bias percentage at 150 hPa was higher during the winter and 
spring of 2005 compared to 2006.  At levels where the GFS has a moist bias, the distribution 
of mixing ratio values is broader than in the Aura-MLS measurements, as was true in the 
tropics.  It should be noted that the tropopause level in this region is lower than in the tropics. 
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3) NORTHERN POLE (600N - 900N) 
 
The number of Aura-MLS data points in the northern polar region was smaller than in 
the tropics and north and south mid-latitudes, and most of the data points lay within the 
Western Hemisphere (Figure 1) at 12 UTC and at 00 UTC. At 06 and 18 UTC, data covered 
most of Greenland and the Arctic Ocean (not shown), but despite a shift in location, PDFs at 
the four analysis times did not differ substantially. The PDF curves in the northern polar 
region for the GFS analyses and Aura-MLS data strongly resemble those for the northern 
mid-latitudes. The PDFs and the mean values from fall 2005 of GFS analyses are greater than 
those of Aura-MLS except at 100 and 150 hPa (not shown).  As in the northern mid-latitudes, 
the pattern of biases does not seem to be affected much by the changing of seasons and 
average height of the tropopause. However, in this region the differences are greater, 
especially between the modes.  The pronounced dry bias and moist bias are larger than in the 
sub-polar regions. Moist bias is found at 300, 250, and 200 hPa. In addition, a dry bias is also 
found at both 150 hPa and 100 hPa in both years with extremely large percentage differences 
found in spring and summer and fall 2006 and summer and fall 2005 (not shown). 
 
4) SOUTHERN POLE (600S - 900S) 
 
In general, PDFs for the southern polar region (not shown) were similar to what was 
found in the northern polar region with the exception that a moist bias was present at 150 hPa 
in the GFS data instead of a dry bias in JJA.  This reversal of biases at 150 hPa between the 
two polar regions was true only in JJA. The cause of this reversal is not obvious, but may be 
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related to strong dehydration in the winter (JJA) in the southern polar region (SPARC 2000) 
observed by MLS.  GFS may lack the ability to correctly depict the dehydration. This effect 
is only pronounced in winter in the southern hemisphere (JJA). Thus MLS data appear to 
successfully capture this feature as other observations have.   
 
5) SOUTHERN MID-LATITUDES (300S - 600S) 
 
The data used for southern mid-latitudes at 12 and 00UTC covered regions near 
southern Africa and the central Pacific.  At 06 and 18 UTC, data covered partly Argentina, 
Chile and Australia (not shown), but despite a shift in location, PDFs at the four analysis 
times did not differ substantially. The shapes of the PDFs for the Aura-MLS data and GFS 
analyses for the southern mid-latitudes were similar to those for the northern mid-latitudes at 
all seasons and levels (not shown). In particular, in the southern mid-latitudes, a dry bias was 
found to be larger in summer and fall than in winter and spring at 100 hPa in the two years 
and the moist bias was smaller at 300 and 150 hPa than at other levels. 
 
b. NAM analyses compared to Aura-MLS observations 
 
The area over which the Aura-MLS observations and NAM analysis data points could 
be compared is mainly over North America at all four analysis times (00 06 12 18 UTC). 
Figure 6 shows the shapes of the NAM PDFs and Aura-MLS for the fall in 2005 at 18 UTC. 
In general, the PDFs of Aura-MLS and NAM agree very well with each other especially at 
300 hPa. The vertical dashed lines show that the mean values of NAM are closer to those of 
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Aura-MLS at 300 hPa. At other levels the mean values of NAM are greater than those of 
Aura-MLS.  Results for other times and seasons can be found at the supplemental website. 
The PDFs valid for the NAM analyses in the summer (JJA) seasons of 2005 and 2006 were 
most consistent with the Aura-MLS data at 300 hPa in both years. Like in the fall, at all 
levels, the mixing ratios of greatest frequency in the PDFs for the NAM and Aura-MLS were 
closer in 2005 than in 2006 (not shown) and the mean values for NAM are greater than those 
for Aura-MLS at all levels.  In the winter, the PDFs of Aura-MLS and NAM agree very well 
with each other. The vertical dashed lines show that the mean values of NAM are greater 
than those of Aura-MLS. Although the PDFs of the two datasets show similar shapes, the 
NAM PDFs have the mode at a higher water vapor mixing ratio than the Aura-MLS PDFs. 
As in winter, the PDFs of Aura-MLS and NAM agree very well with each other especially at 
300 hPa during spring (MAM). The PDFs in the two years are similar, with the NAM PDFs 
having the mode at higher values at all levels (not shown). Also, the mean values in the 
NAM analyses are greater than those of Aura-MLS at all levels. 
Here, a comparison of the fall season (SON) and summer season (JJA) is important 
because the NAM changed from using the Eta model to using the WRF model on June 20, 
2006, and a fall and summer comparison thus allows one to see what impact the change in 
model may have had in representing water vapor at these high levels. During these seasons, 
the mixing ratios of greatest frequency in the NAM PDFs were more consistent with those 
from the Aura-MLS PDFs in 2005 than in 2006 at all four analysis times.  Figure 7 compares 
the NAM and MLS data over the full two year period at 18 UTC by using box and whisker 
diagrams. A moist bias typically exists at almost all levels except at 100 hPa in winter 2005 
and 2006, spring 2006, and fall 2005, and at 50 hPa in winter 2005 and 2006. While there are 
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similar moist bias percentages in both winters and springs during 2005 and 2006, bigger 
differences are noted between summers and falls of the two years with smaller moist bias 
percentages in 2005 than in 2006. The same results are found at other analysis times in the 
supplemental website. This result suggests a negative impact due to the change in the NAM 
from using the Eta to using the WRF model.  
 
c. NAM and GFS analyses compared with Aura-MLS observations over the NAM’s 
domain 
 
Figure 8 shows the PDFs for the Aura-MLS, NAM and GFS analyses in the NAM’s 
domain at 18 UTC in fall 2005. Compared to the GFS, the NAM PDFs agreed better with the 
Aura-MLS PDFs at all levels over this domain. The vertical dashed lines also showed that the 
mean values of the NAM analyses were closer to those of MLS than the GFS analyses. Also, 
Figure 9 shows box and whisker diagrams of differences between NAM and GFS analyses 
and Aura-MLS water vapor mixing ratios at 18 UTC in summer 2005. Although both NAM 
and GFS are wetter than Aura-MLS at levels from 300 to 150 hPa and at 100 hPa in NAM, 
the differences in NAM are overall smaller than in GFS at all levels. The PDFs for the Aura-
MLS, NAM and GFS analyses in the NAM’s domain in 2005 and 2006 at all four analysis 
times are shown in detail in the supplemental website. Overall, the PDFs for the NAM 
analysis matched the Aura-MLS PDFs better than the GFS did. Both the NAM and GFS 
PDFs had modes at higher water vapor values and had broader shapes than the PDFs for the 
Aura-MLS observations at all levels between 300 – 200 hPa.  In contrast, at 100 hPa the 
NAM PDF peaks look about the same as those of the MLS data in fall 2005 and higher in fall 
2006, whereas the GFS PDFs peaked at a lower water vapor value compared to the Aura-
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MLS PDFs in both of these two seasons. Also, although the GFS PDFs for 2005 and 2006 
stayed basically the same, the NAM PDFs changed between these two years, being more 
similar to Aura-MLS PDFs in 2005 than in 2006 at all levels. The box and whisker diagrams 
of differences between NAM and GFS model analyses and Aura-MLS observations in the 
two years are also shown in the website. Both the NAM and GFS analyses over the smaller 
NAM domain have the same moist bias tendency at all levels except at 100 hPa where the 
GFS has a drier bias in 2005 and 2006 compared to Aura-MLS, and the NAM has a moist 
bias in 2005 and in 2006.  
These discrepancies could be related to several key differences between the two 
models. Among the most important is that GFS used SSI and NAM used GSI in their 
assimilation systems during 2005 and 2006. The improvements in GSI over SSI include 
incremental noise reduction and a balanced analysis increment improvement which had an 
immediate impact on the quality of the short-term forecasts that are used in the analyses (e.g. 
Kleist et al. 2009). GFS used a cloud top temperature below -15C to set a threshold for ice 
saturation while NAM set the temperature to -30C. In addition, the vertical resolution of the 
NAM analyses (25 hPa) is higher than in the GFS (50 hPa). In the models themselves, 
different convective schemes were used along with different horizontal resolutions, which 
could affect the analyses through the use of forecasts as backgrounds or first guesses in the 
assimilation systems. The higher horizontal resolution in the NAM analyses may result in a 
more realistic depiction of the moisture fields in the UTLS than that with the lower 
horizontal resolution in the GFS analyses. A deeper understanding of the sensitivity of 
horizontal resolution within GFS and NAM analyses to the water vapor in the UTLS may 
help resolve these differences. We leave this work to a future study.  
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4. Discussion 
 
Comparisons between GFS and NAM water vapor analyses and measurements from 
Aura-MLS have been performed at all four model analysis times (00, 06, 12, 18 UTC) in the 
two years of 2005 and 2006.  Some possible explanations for the differences are offered 
below. In the tropical troposphere, the GFS analyses are moister than MLS observations in 
all seasons and at all levels. In the stratosphere the GFS is drier than MLS. The reason for 
this switch could be due to a cold bias near the tropopause/lower stratosphere which leads to 
enhanced dehydration in the stratosphere. Such a cold bias could occur if the model’s 
convective scheme is too vigorous, for instance, with the tropopause height being too high. 
Moreover, water vapor mixing ratios from MLS on the Aura satellite itself also showed a dry 
bias in the upper troposphere compared with mixing ratios estimated from the Atmospheric 
Infrared Sounder (AIRS) on the Aqua satellite and frost point sondes (e.g. Fetzer et al. 2008 
and Read et al. 2007) in the upper troposphere.  A dry bias in the MLS observations would at 
least partially explain why the GFS analyses would be moister at these levels.  Near the 
tropical tropopause (100 hPa), there is also some seasonality to the bias. The seasonal bias 
could be related to the temperature being affected by deep convection in the model.  In Polar 
regions, a very pronounced dry bias is found in the stratosphere which again might be due to 
enhanced dehydration caused by too low temperatures. 
NAM model analysis water vapor mixing ratios exceeded the Aura-MLS values at all 
levels from 250 to 150 hPa in all four seasons of both years and some season at 100 and 50 
hPa. It is worth noting here again that a dry bias in the MLS measurements was found over 
this area compared with AIRS and frost point sondes at these levels, and this dry bias might 
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explain why NAM analyses would be moister than the MLS values. Moist biases in winter 
and spring of both years were similar at all levels but these moist biases in summer and fall 
were smaller in 2005 than in 2006. These differences may be due to the change in the NAM 
from using the Eta to using the WRF model in June 2006. One important change made in the 
assimilation system at this time was in the humidity analysis variable which used to be 
pseudo-relative humidity in the Eta, but became normalized relative humidity.  
Because mixing ratio (and specific humidity) exhibit extreme variability and changes 
in scale of errors and in the fields themselves, the use of these variables causes difficulties in 
assimilation systems resulting in large extrapolation errors (e.g., Dee and DeSilva, 2003).  
Relative humidity is spatially and temporally more coherent, such that error statistics are 
easier to obtain.  But, use of relative humidity can lead to unrealistic and unstable 
stratospheric accumulation of moisture when model temperatures are biased.  Pseudo relative 
humidity and normalized relative humidity both solve some of these problems. For pseudo-
relative humidity, the mixing ratio is scaled by background saturation mixing ratio, and this 
scaling effectively is a flow-dependant transformation of the observed mixing ratio.  It has 
similar statistical properties to relative humidity but preserves specific humidity in the 
absence of moisture observations.  Normalized relative humidity is another representation of 
the moisture content that avoids the problems when mixing ratio or specific humidity is used 
during assimilation.  It is a statistically-normalized version of the relative humidity, and gives 
background error statistics that are more homogeneous and Gaussian than for specific 
humidity.  It also effectively eliminates the possibility of supersaturation and negative 
humidity being generated by the analysis, and is multi-variated related with temperature and 
pressure 
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(http://www.wmo.int/pages/prog/www/DPFS/ProgressReports/2005/UnitedStates.pdf).  The 
main difference between the two variables, pseudo-relative humidity and normalized relative 
humidity, is that in the GSI assimilation system, the relative humidity control variable can 
only change via changes in specific humidity when pseudo-relative humidity is used.  With 
normalized relative humidity, humidity can change via changes to surface pressure, 
temperature, or specific humidity. 
  In a comparison between NAM and GFS analyses in North American, the NAM 
results compared well with MLS and better than the values from the GFS. The better 
agreement could be related to several key differences between the two models. The GFS used 
SSI and the NAM used GSI in their assimilation systems during 2005 and 2006.  Kleist et al. 
(2009) found that several changes in GSI over SSI had an immediate impact on the quality of 
the short-term forecasts used in the analyses.  The two models also differed in their 
horizontal resolutions and the vertical resolution of the output datasets, with GFS being 
coarser than NAM, and thus less able to resolve strong temperature gradients.  Other 
differences were present in their microphysics and convective parameterizations which could 
affect the analyses through the use of forecasts as backgrounds or first guesses in the 
assimilation systems. 
 
5. Summary and conclusion 
 
We have presented the first comparisons between Aura-MLS satellite-based water 
vapor measurements and GFS and NAM model analyses in the upper troposphere and the 
lower stratosphere. The GFS analyses generally agreed better with satellite observations in 
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the tropics and both northern mid-latitudes and southern mid-latitudes than in both the 
northern and southern poles with regard to the magnitude and to all seasonal distributions. 
NAM water vapor analyses were generally more consistent with Aura-MLS 
measurements at all levels than GFS analyses. Of note, the NAM water vapor analyses in two 
seasons, summer (JJA) and fall (SON) 2005, agreed better with the Aura-MLS data than in 
the same two seasons in 2006.  The poorer performance may be related to the change in the 
NAM from using the Eta to using the WRF model in June 2006.  In particular, this change 
included a change in the vertical coordinate from using step-mountain eta-layers to using 
hybrid sigma-pressure layers, a change in the background error covariance calculations from 
a lagged forecast differences method to a Monte-Carlos method, and a change in the 
humidity analysis variable from pseudo-relative humidity to normalized relative humidity. 
The analysis in an atmospheric data assimilation system is constructed by combining a 
model-generated background estimate with observations. The analysis will extrapolate 
information from the observations into the analysis. Regarding moisture in the analyses, 
Rabier et al. (1998) noted that the inaccurate extrapolation of information from upper-
tropospheric observations can contribute a small but significant accumulation of excess water 
vapor in the lower stratosphere. It is unknown if the differences in the analyses at these levels 
have affected the accuracy of the NAM forecasts overall.  Also in the fall seasons of both 
2005 and 2006, the NAM analyses agreed better with the Aura-MLS data than in the summer 
seasons. The moisture differences between the NAM analyses and Aura-MLS observations 
are similar in winter and spring in the two years.   
Overall, a moist bias was found in all four seasons at all six levels evaluated in the 
GFS analyses for the tropics and in the NAM analyses for the northern American domain but 
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with less severity in some seasons at 300 and 100 hPa. In other regions within the GFS 
analyses, the moist bias was present in all four seasons at 300 hPa, 250 hPa, and 200 hPa, 
with a dry bias at 150 hPa and 100 hPa.  
Comparisons between GFS and NAM analyses and Aura-MLS satellite data may help 
diagnose possible errors in the model initializations, or deficiencies in the algorithms applied 
to the satellite data.  In addition, the differences found in the mixing ratios between the 
analyses and MLS observations also support the need for assimilating satellite retrievals into 
models to potentially improve forecasting ability.  
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Figure Captions 
 
Figure 1 Aura-MLS data points during fall 2005 (SON05) at 12Z overlaid on the GFS 
subdomains of tropics (TP), northern mid-latitudes (NM), southern mid-latitudes 
(SM), northern polar (NP), and southern polar (SP) (boundaries of regions shown 
with solid lines), used for comparisons. 
Figure 2 PDFs comparing GFS model analyses (dot lines) with Aura-MLS (solid lines) 
water vapor volume mixing ratios with vertical lines respectively showing their 
mean values at 300, 250, 200, 150, and 100 hPa at 12 UTC for summer 2005 in the 
tropics. 
Figure 3 Box and whisker diagrams of relative differences between GFS analyses and Aura-
MLS water vapor mixing ratios at 300, 250, 200, 150, and 100 hPa at 12 UTC in 
2005 and 2006 over the tropics region. 
Figure 4 As in Figure 2 except for summer 2006 in the northern mid-latitudes. 
Figure 5 As in Figure 3 except for over the northern mid-latitude region. 
Figure 6 PDFs comparing NAM model analyses (dashed lines) with Aura-MLS (solid lines) 
water vapor volume mixing ratios with vertical lines respectively showing their 
mean values at 300, 250, 200, 150, 100 and 50 hPa at 18 UTC for winter 2005 in 
the NAM’s North American domain.   
Figure 7 Box and whisker diagrams of relative differences between NAM analyses and 
Aura-MLS water vapor volume mixing ratios at 300, 250, 200, 150, 100 and 50 
hPa for 2005 and 2006 at 18 UTC over the NAM domain. 
Figure 8 PDFs comparing NAM (dashed lines) and GFS (dot lines) model analyses with 
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Aura-MLS (solid lines) water vapor volume mixing ratios with vertical lines 
respectively showing their mean values at 300, 250, 200, 150 and 100 hPa at 18 
UTC for fall 2005 in the NAM’s North American domain. 
Figure 9 Box and whisker diagrams of differences between NAM and GFS model analyses 
and Aura-MLS water vapor volume mixing ratios at 300, 250, 200, 150, and 100 
hPa at 18 UTC for summer 2005 in the NAM’s North American domain. 
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Figure 1 Aura-MLS data points during fall 2005 (SON05) at 12Z overlaid on the GFS subdomains of tropics 
(TP), northern mid-latitudes (NM), southern mid-latitudes (SM), northern polar (NP), and southern 
polar (SP) (boundaries of regions shown with solid lines), used for comparisons. 
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Figure 2 PDFs comparing GFS model analyses (dot lines) with Aura-MLS (solid lines) water vapor volume 
mixing ratios with vertical lines respectively showing their mean values at 300, 250, 200, 150, and 
100 hPa at 12 UTC for summer 2005 in the tropics.   
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Figure 3 Box and whisker diagrams of relative differences between GFS analyses and Aura-MLS water vapor 
mixing ratios at 300, 250, 200, 150, and 100 hPa at 12 UTC in 2005 and 2006 over the tropics region. 
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Figure 4 As in Figure 2 except for summer 2006 in the northern mid-latitudes. 
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Figure 5 As in Figure 3 except for over the northern mid-latitude region. 
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Figure 6 PDFs comparing NAM model analyses (dashed lines) with Aura-MLS (solid lines) water vapor 
volume mixing ratios with vertical lines respectively showing their mean values at 300, 250, 200, 
150, 100 and 50 hPa at 18 UTC for fall 2005 in the NAM’s North American domain.   
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Figure 7 Box and whisker diagrams of relative differences between NAM analyses and Aura-MLS water vapor 
volume mixing ratios at 300, 250, 200, 150, 100 and 50 hPa at 18 UTC for 2005 and 2006 over the 
NAM domain. 
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Figure 8 PDFs comparing NAM (dashed lines) and GFS (dot lines) model analyses with Aura-MLS (solid 
lines) water vapor volume mixing ratios with vertical lines respectively showing their mean values at 
300, 250, 200, 150 and 100 hPa at 18 UTC for fall 2005 in the NAM’s North American domain. 
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Figure 9 Box and whisker diagrams of differences between NAM and GFS model analyses and Aura-MLS 
water vapor volume mixing ratios at 300, 250, 200, 150 and 100 hPa at 18UTC for summer 2005 in 
the NAM’s North American domain.    
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CHAPTER 3.  Upper troposphere and lower stratosphere water vapor and 
transport processes in the vicinity of deep convection 
 
Modified from a paper to be submitted to Monthly Weather Review 
 
Le Van Thien and William A. Gallus, Jr.  
 
Abstract 
 
North American Model (NAM) analysis data and the Weather Research and 
Forecasting (WRF) Advanced Research WRF (ARW) model version 2.2 are used to 
investigate the mechanisms involved in the transport of water vapor in the upper troposphere 
and lower stratosphere (UTLS) in regions affected by deep convective system activity. In 
addition, the results from these numerical model simulations will determine what processes 
contribute most to the water vapor distribution in the UTLS and the amount of water vapor 
transported during the most active period of the convective system. 
In an examination of two convective system events occurring over the United States, 
it is found that hourly water vapor changes in the UTLS were mostly affected by advection 
and microphysical processes, with mixing playing less of a role during the period of 
convective system activity. Hourly moistening rates averaged over the vicinity of deep 
convection (VODC) in the UTLS increased during the time that convective system activity 
developed, and reached maximum values at the same time that the strongest convection and 
heaviest precipitation occurred at the surface. In the upper troposphere, high hourly positive 
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water vapor tendencies were mainly due to both vertical and horizontal advection, though, 
the rate of water vapor tendencies due to vertical advection was greater. Water vapor 
tendencies due to microphysical processes were noticeable in this layer, where they tended to 
oppose the moistening due to advection. Near the tropopause and lower stratosphere levels, 
water vapor tendencies due to horizontal advection alone resulted in an increase in water 
vapor somewhat before/after the demise of the convective system, instead of at the time of 
intense convective system activity. 
 
1.  Introduction 
 
Water vapor is one of the most important greenhouse gases in the atmosphere. It is 
crucial to the earth’s heat balance, helping to maintain a mean surface temperature much 
higher than would otherwise be present. In addition to its direct role as a greenhouse gas, 
atmospheric water vapor in the troposphere produces clouds and precipitation.  
Dunkerton (1995) concluded from rawinsonde data and European Center for 
Medium-Range Weather Forecast (ECMWF) analyses that the Asian and North American 
monsoons can transport significant mass into the lower stratosphere. Transport of moisture 
from the upper troposphere to the extratropical lower stratosphere was associated with the 
Asian summer monsoon (Dethof et al. 1999). Increase in tropical upper troposphere humidity 
was positively correlated with deep convection (Soden, and Fu, 1995). Deep convective 
activity in tropics plays an important role in creating moisture in the upper troposphere 
(Salathe and Hartmann 1997). Recently, Chandra et al. (2007) examined the influence of the 
2004 El Nino on the tropospheric water vapor and ozone and found that water vapor in the 
47 
 
upper troposphere decreased over most of the western Pacific region and increased over the 
eastern Pacific region. There was a positive correlation between geographical and seasonal 
variations in water vapor with deep convection and the tropical tropopause layer clouds at 
146 mb, and a negative correlation at 100 mb (Liu, 2007). Park et al. (2007) showed that 
water vapor in the upper troposphere was correlated spatially and temporally with deep 
convection over the monsoon region, however, at 100 mb (tropopause) there was a negative 
correlation between water vapor and deep convection. 
Although some studies have been done on the relationship between deep convection 
and the transport of water vapor in the upper troposphere and lower stratosphere (UTLS), the 
associated processes that can contribute the most to the water distribution and the amount of 
water vapor transported near the UTLS are not well understood.    
The purpose of this study is to determine what processes affect water vapor transport 
and how much mass and water vapor is transported in the UTLS over the vicinity of deep 
convection (VODC) during the time of intense convective system activity. In addition, results 
from this study could be of value in showing the correlation between the WRF forecasted 
precipitation at the surface to water vapor, vertical velocity, temperature, and relative 
humidity in the upper troposphere, near tropopause, and lower stratosphere during the time of 
intense convective system activity. 
 
2. Numerical model configuration and experimental design 
 
Two convective system cases occurring over the United States have been simulated 
by WRF ARW with 5 km and 10 km grid spacing and 31 vertical levels without the use of a 
48 
 
convective parameterization. One event, 13 July 2006, that was simulated was initialized at 
12 UTC with a limited domain (roughly 1290 x 830 km) centered over Iowa. The other event 
occurred on 15 November 2006 (roughly 1580 x 1070 km) and was initialized at 00 UTC 
centered over Alabama. Six hour analyses from the NAM model were used as the initial and 
lateral boundary conditions for the WRF simulations. The simulations were run for 24 hours 
for the former case, and 36 hours for the latter case. The hourly variation in rainfall, water 
vapor tendencies, total condensate mixing ratio, vertical velocity, temperature, and relative 
humidity at levels 300, 250, 200, 150, 125, 100 mb were averaged over the VODC. 
 For both events, hourly tendencies in water vapor due to advection alone (including 
vertical advection alone, horizontal advection alone), microphysical processes alone, and 
mixing (including explicit diffusion, mechanical mixing within the planetary boundary layer 
scheme) were noted.   
 
3.  Description of convective system activity 
 
a. Synoptic overview for case 1 (12UTC 13 July – 12 UTC 14 July 2006) 
 
During the twenty-four hour period beginning at 12UTC 13 July 2006, a 500 mb 
shortwave trough and associated cold front located over North Dakota, South Dakota, and 
Nebraska moved into central Iowa (Figure 1). The cold front extended south and westward 
from North Dakota to Nebraska at 01 UTC 14 July 2006. Convection then formed around 20 
UTC in western Iowa and moved southeast into central Iowa by 07 UTC 14 July 2006. The 
convective system was in its most intense stage over the VODC from around 20 UTC 13 July 
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to 06 UTC 14 July.  
 
b. Synoptic overview for case 2 (00UTC 15 November – 12 UTC 16 November 2006) 
 
During the second event, a low pressure area located in northern Texas with an 
attendant cold front and warm front located over Louisiana, Arkansas, Oklahoma, New 
Mexico, and Arizona moved eastward into Mississippi and Alabama. An associated 500 mb 
shortwave trough was located over Louisiana, Arkansas, and Mississippi. Convection formed 
in Arkansas, Louisiana, and Mississippi and then moved through Alabama and Georgia with 
the most intense convection occurring over the VODC from 08 UTC 15 November to 06 
UTC 16 November 2006 (Figure 2).  
The main difference between the two cases is that case 1 had a shorter convective 
activity time (about 24 hours) and a smaller VODC compared to the case 2 (Figure 3).  
 
4. Results 
 
The analysis focused mainly on the region in the vicinity of deep convection (VODC) 
denoted by the small boxes with dash lines as shown in Figure 3. In order to study what 
processes can contribute most to the water distribution and how much water vapor is 
transported by deep convective system activity, it is necessary to know how well the rainfall 
at the surface, the temperature, and relative humidity in the UTLS over the VODC were 
simulated by WRF model. In the following, the hourly rainfall averaged over the VODC was 
compared between model simulations and observations. The temperature and relative 
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humidity averaged over the VODC were also compared with the NAM analyses. The 
processes involved in the water vapor transport in the UTLS will be then discussed in detail.  
 
a. An evaluation of rainfall, temperature, and relative humidity averaged over the vicinity of 
deep convection simulated by WRF 
 
Twenty four hour (in case 1) and thirty six hour (in case 2) hourly rainfall averaged 
over the VODC reached a maximum between roughly 20 UTC 13 July and 06 UTC 14 July 
in case 1 (Figure 4a) and between 08 UTC 15 November and 06 UTC 16 November 2006 in 
case 2 (Figure 4b). Interestingly, both the 5km and 10 km WRF model runs simulated very 
well the timing of rainfall averaged over the VODC; however, both of them produced less 
rainfall before and during the most intense convective period and more rainfall at the end of 
that period. 
 Figures 5a and 6a present the temperature and figures 5b and 6b present relative 
humidity averaged over the VODC at every 6 hours from 12 UTC 13 July 2006 to 12 UTC 
14 July 2006 and from 00 UTC 15 November to 12 UTC 16 November 2006 from NAM 
analyses and WRF simulations . In general,  the model simulations in both two cases were 
very similar to the NAM analyses in terms of the timing and magnitudes, except for the 
temperature in case 1 at 200 mb and 150 mb where the differences were larger at 00, 06, 12 
UTC. Compared to case 1, the temperature and relative humidity averaged over the VODC 
from model simulations in case 2 were much closer to the NAM analyses at levels from 300 
mb to 100 mb. Also, there were no large differences between the 5 km and 10 km grid 
spacing simulations in both of the two cases. 
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b. Analyses of processes involved in transport of water vapor in the upper troposphere 
during convective system activity  
 
In the upper troposphere (300, 250, 200, 150 mb levels in the former case and 300, 
250, 200 mb levels in the latter case), the high hourly water vapor amount and water vapor 
tendencies, usually resulting in moistening, were mainly due to both vertical and horizontal 
advection, though, the rate of water vapor tendencies due to vertical advection was greater. 
The hourly water vapor tendencies varied and reached maximum values at the time that the 
convective system was strongest (Figure 8). For the convective system case initialized at 12 
UTC 13 Jul 2006, averaging was done over the VODC with an area of roughly 450 km x 400 
km, and the peak values of hourly water vapor tendencies were as large as 1e-03 kg/kg/hr 
and 5e-04 kg/kg/hr due to vertical and horizontal advection, respectively, at 300 mb, 1.5e-04 
kg/kg/hr and 5e-06 kg/kg/hr at 250 mb, and 1e-03 kg/kg/hr and 5e-06 kg/kg/hr at 200 mb, 
and 1e-04 kg/kg/hr and 1e-05 kg/kg/hr at 150 mb (Figure 8a). For the convective system case 
initialized at 00 UTC 15 November 2006 the average was done over the VODC with an area 
of roughly 750 km x 450 km, and the peak hourly water vapor tendencies averaged over the 
VODC due to vertical and horizontal advection were as large as 3e-04 kg/kg/hr and 2e-04 
kg/kg/hr, respectively, at 300 mb, 1.5e-05 kg/kg/hr and 5e-05 kg/kg/hr at 250 mb, and 6e-05 
kg/kg/hr and 1e-05 kg/kg/hr at 200 mb (Figure 8b). The upward motions were dominant 
mostly in the upper troposphere with maximum speeds of 0.15 m/s, 0.1 m/s, 0.05 m/s at 300, 
250, and 200 mb respectively, simulated during the time of the most intense convective 
activity between ~ 22 UTC 13 to 05 UTC 14 (Figure 9a). Similar to case 1, upward motion 
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was found mostly in the upper troposphere with maximum speeds of 0.15 m/s, 0.1 m/s, 0.05 
m/s at 300, 250, and 200 mb, respectively, reached during the time of the most intense 
convective activity from ~ 13 UTC 15 to 03 UTC 16 November 2006 (Figure 9b). The 
hourly water vapor and vertical velocities varied in time with the highest values again found 
during the same time that the convective system activity was strongest. The hourly water 
vapor tendencies were equal to zero at other times, when the convective system had not 
developed or had decayed. Negative water vapor tendencies due to microphysical processes 
in both cases were noticeable in the upper troposphere (Figure 8); thus, they tended to oppose 
the moistening due to advection processes. Interestingly, the temporal change in hourly water 
vapor tendencies and water vapor amounts in the upper troposphere was in conjunction with 
the changing of precipitation and vertical velocity averaged over the vicinity of the strong 
convection. Thus, the deep convection system was effective in advecting water vapor into the 
upper troposphere. In addition, it appears that the WRF forecasted precipitation was highly 
correlated with the distributions of water vapor in the upper troposphere.  
In general, both of the two simulated cases showed that hourly moistening rates 
averaged over the VODC in the upper troposphere increased during the time that convective 
system activity developed, and reached maximum values at the same time that the strongest 
convection and heaviest precipitation occurred. During the period of the strongest convective 
system activity, the high hourly positive water vapor tendencies in the upper troposphere 
were mostly due to both horizontal and vertical advection with the rate of exchange due to 
vertical advection greatest where upward motions dominated. Hourly negative water vapor 
tendencies due mainly to microphysical processes alone were the result of water vapor being 
transferred into other forms of water (e.g. snow, ice, cloud water, graupel and rain water), 
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while mixing played a much smaller role in the removal of water vapor. Also, maximum 
upward motion was present mostly during the time of deep convective activity in the upper 
troposphere, consistent with the findings in Jonhson et al. (1990), Houze (1989), Balsley et 
al. (1988). 
 
c. Analyses of the processes involved in transport of water vapor near the tropopause and 
lower stratosphere during the convective system activity  
 
The tropopause in the two cases was defined by using the tropopause pressure levels 
in the NAM analyses. The tropopause levels averaged over the VODC varied from around 
100 to 125 mb in case 1 and 125 mb to 150 mb in case 2 during the simulation time. During 
the most intense stage it was around 100 mb from 20 UTC 13 to 00 UTC 14 July 2006 and 
around 125 mb from 00 UTC to 06 UTC 14 July (Figure 7a). For case 2 it was around 150 
mb from 08 UTC 15 to 00 UTC 16 November and around 125 mb from 00UTC to 06 UTC 
16 November (Figure 7b).  
In case 1, there were negative water vapor tendencies due to both horizontal and 
vertical advection with magnitudes of about 1e-07 kg/kg/hr at 100 mb from 20 UTC 13 to 00 
UTC 13 and no change in water vapor at 125 mb from 00 UTC to 06 UTC 14 (Figure 8a). 
Unlike case 1, positive water vapor tendencies due to advection were noted in case 2 with 2e-
06 kg/kg/hr due to horizontal advection and 1e-06 kg/kg/hr due to vertical advection at 150 
mb from 08 UTC 15 to 00 UTC 16, and 1.25e-06 kg/kg/hr due to horizontal advection at 125 
mb from 00 UTC to 06 UTC 16 (Figure 8b). The differences in the water vapor tendencies 
between the two simulated cases near the tropopause may be related to differences in the 
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longevity, intensity and area of convection between case 1 (24 hours) and case 2. 
The positive water vapor tendencies due to horizontal advection were found at 100 
mb between roughly 08 UTC and 12 UTC 14 July 2006 in case 1 (Figure 8a), and at 100, 125 
and 150 mb between roughly 02 UTC and 12 UTC 15 November 2006 in case 2 (Figure 8b). 
In addition, the hourly water vapor amount increased during those times. Thus, unlike in the 
upper troposphere, there is an increase in water vapor mainly due to horizontal advection 
near the tropopause and in the lower stratosphere after the demise of the convective system. 
Moreover, there was an increased trend in the temperature in conjunction with increase in 
relative humidity after the time of strongest convection. This is not a normal occurrence in 
the atmosphere because a rise in air temperature results in a decrease in relative humidity 
unless there is added water vapor. At these levels where it is very cold, the possible humidity 
sources could be from sublimation, diffusion, or horizontal advection from deep convection. 
However, no total condensate mixing ratio was found at these levels. It appears that the deep 
convective system activity affects water vapor transport over the VODC in the near 
troposphere and lower stratosphere mainly by horizontal advection, however, not at the same 
time that strongest convections occurred.  
In addition, during the time of strongest convection, maximum downward vertical 
velocities averaged over the VODC were about 0.02 m/s at 125 mb from 00 UTC to 06 UTC 
14 July in case 1 and 0.01 m/s from 00 UTC to 06 UTC 16 November in case 2 with 
maximum speeds at 100 mb of about 0.01 m/s from 18 UTC to 23 UTC 13 July in case 1 and 
from 10 UTC to 23 UTC 15 November in case 2 (Figure 9, 10, 11). These results were 
similar to the findings in Johnson et al. (1990) where the observed maximum vertical 
velocities were 0.05 m/s, and Balsley et al. (1988) which found vertical velocities between 
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0.1 and 0.15 m/s. 
 
d. Trajectory analysis  
 
The convective origin of the air simulated by WRF was traced using backward 
trajectories.   As shown above, vertical advection appears to play the most important role in 
transporting water vapor to the upper troposphere in these events, but the moistening from 
this process is almost exactly opposed by drying due to microphysical processes as the vapor 
is converted to other water phases.  Horizontal advection appears to play an important role in 
transporting some moisture downstream from the area of intense convection and into the 
near-tropopause region. In order to support for those findings, 3-D backward trajectories are 
calculated from simulated WRF wind fields.  These trajectories started at the most intense 
convective times going back to a time before the convective system was mature at some 
locations over the VODC on given pressure levels 300, 250, 200, 150, and 100 mb. The 
trajectories are calculated using 30 second time steps from WRF simulations above for the 
two cases. In addition, some other diagnostic fields such as water vapor, temperature, relative 
humidity, and potential temperature were also calculated hourly along each trajectory. 
Backward trajectories were started at the times that the strongest convection occurred 
(e.g. at 00 UTC July 14, 2006 going back to 17 UTC July 13 for case 1, and at 19 UTC 
November 15, 2006 going back to 09 UTC November 15 for case 2). Four trajectories at 
some locations over the VODC clearly showed that at levels 300, 250, and 200 mb (upper 
troposphere) the air parcels originated at lower levels around 850 mb (Tables 1, 2, 3)  and 
ascended strongly during the period of most intense convection (Figure 12). This situation 
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was found to be the same for ten trajectories in case 2 (Figure 13). Thus, at the time of most 
intense convection in the VODC, a large number of air parcels that ascended in the upper 
troposphere where they experienced convection originated from the lower troposphere. 
However, at higher levels near the tropopause such as 150 and 100 mb, these air parcels rose 
and fell vertically 2 mb around 150 and 100 mb (Tables 4 and 5) and sometimes moved 
downward from 115 mb to 150 mb and 95 mb to 100 mb in a consistent northeastward 
direction for the whole time period into the VODC (Figure 12d, e and Figure 13d, e). The 
trajectories in both cases showed that the air parcels had less vertical displacement compared 
to lower levels. The different movements between the upper troposphere and lower 
stratosphere implied that the convection played a major role in lifting the near-surface air 
parcels to the upper troposphere during the time of strongest convection. It is important to 
note that the exact path of a trajectory is sensitive to the horizontal grid spacing and time 
frequency of the simulated wind data due to interpolation errors.  
 
5. Summary and conclusion 
 
We have presented the quantitative modeling of processes associated with water 
vapor transport in the vicinity of convective system activity occurring in the U.S in the 
UTLS.  The two cases studied here occurred in the summer and fall in the United States. 
During intense convective system activity, most of the water vapor transport into the upper 
troposphere was mainly due to both vertical and horizontal advection, with the water vapor 
tendencies due to vertical advection being greater. In addition, upward motion occurred with 
maximum speeds during the time of the strongest convective activity. The presence of total 
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condensate mixing ratio in the upper troposphere along with negative water vapor tendencies 
due to microphysical processes and high vertical velocities during the strong convective 
period indicated that water vapor was being converted partly into other forms during the deep 
convection activity. 
Outside the time of deep convection, near the tropopause and in the lower 
stratosphere, water vapor tendencies were mainly due to horizontal advection. During the 
time of intense convective system activity, it is important to note in these levels that 
downward motion occurred near and just above cloud top, as found in a few earlier studies. 
Thus, the water vapor near the tropopause may be transported horizontally away from the 
time of deep convection before entering the stratosphere. 
An investigation of the physical mechanisms for transportation of water vapor in the 
upper troposphere and lower stratosphere by convective system activity helps clarify 
important processes that can help us improve the accuracy of weather and climate forecasts 
through a better dynamical understanding of the upper troposphere/lower stratosphere.  
Because there were only two cases explored in this study, future work should look at 
additional cases to provide a more thorough and complete understanding of the findings 
above. 
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Figure Captions 
 
Figure 1  The 00 UTC 14 July 2006 satellite-radar surface composite map (a), and (b) 00 
UTC 14 July 2006 500 mb heights (dm), wind (m/s), temperature (C), and dew-
point temperature (C). 
Figure 2  The 18 UTC 15 November 2006 satellite-radar surface composite map (a), and (b) 
00 UTC 16 November 2006 500 mb heights (dm), wind (m/s), temperature (C), 
and dew-point temperature (C). 
Figure 3 The one hour total rainfall (in mm) for 00 UTC 14 July 2006 from (a) observations, 
(b) the WRF run, and for 18 UTC 15 November 2006 from (d) observations, and 
(e) the WRF run. 
Figure 4 Hourly rainfall (in mm) averaged over the vicinity of deep convection for 24 hour 
simulation in case 1 (a) and 36 hour simulation in case 2 (b). 
Figure 5 The temperature (K) (top) and relative humidity (%) (bottom) averaged over the 
vicinity of deep convection between NAM analyses and WRF simulations from 
300 mb to 100 mb in case 1. 
Figure 6 As in Figure 5 except for case 2. 
Figure 7 NAM analysis tropopause pressure levels (mb) averaged over the vicinity of deep 
convection in case 1 (a) and in case 2 (b). 
Figure 8 The hourly water vapor (kg/kg), condensate mixing ratio (kg/kg) and water vapor 
tendencies (kg/kg/hr) due to vertical advection, horizontal advection, 
microphysics, mixing averaged over the vicinity of deep convection from WRF 
simulations from 300 mb to 100 mb for case 1 (a) and for case 2 (b). 
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Figure 9  The hourly water vapor (kg/kg), condensate mixing ratio (kg/kg) and vertical 
velocity (m/s) averaged over the vicinity of deep convection from WRF 
simulations from 300 mb to 100 mb for case 1 (a) and for case 2 (b). 
Figure 10 The hourly water vapor (kg/kg), condensate mixing ratio (kg/kg) and temperature 
(K) averaged over the vicinity of deep convection from WRF simulations from 
300 mb to 100 mb for case 1 (top) and for case 2 (bottom). 
Figure 11 The hourly water vapor (kg/kg), condensate mixing ratio (kg/kg) and relative 
humidity (%) averaged over the vicinity of deep convection from WRF 
simulations from 300 mb to 100 mb for case 1 (top) and for case 2 (bottom). 
Figure 12 Backward trajectories computed from WRF simulations for case 1 starting at 00 
UTC July 14 2006 on levels 300 mb (a), 250 mb (b), 200 mb (c), 150 mb (d), and 
100 mb (e) going back to 17 UTC July 13 2006. The shading is terrain height. 
Figure 13 The backward trajectories computed from WRF simulations for case 2 start at 19 
UTC 15 November on levels 300 mb (a), 250 mb (b), 200 mb (c), 150 mb (d), and 
100 mb (e) going back 9 UTC. The shading is terrain height. 
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a) 
 
b) 
 
 
Figure 1 The 00 UTC 14 July 2006 satellite-radar surface composite map (a), and (b) 00 
UTC 14 July 2006 500 mb heights (dm), wind (m/s), temperature (C), and dew-
point temperature (C).  
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a) 
 
 
b) 
 
 
Figure 2  The 18 UTC 15 November 2006 satellite-radar surface composite map (a), and (b) 
00 UTC 16 November 2006 500 mb heights (dm), wind (m/s), temperature (C), 
and dew-point temperature (C). 
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a)                                            b) 
 
 
c)                                            d) 
 
 
Figure 3 The one hour total rainfall (in mm) for 00 UTC 14 July 2006 from (a) observations, 
(b) the WRF run, and for 18 UTC 15 November 2006 from (c) observations, and 
(d) the WRF run. 
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a)                                                                                            
                                          
                                                                                                            
       b)                      
 
 
Figure 4 Hourly rainfall (in mm) averaged over the vicinity of deep convection (boxes in 
figure 3a,b for a 24 hour simulation in case 1 (a) and 36 hour simulation in case 2 (b). 
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        a)                             
                                                
          b)                             
                                          
                                                                                                               
Figure 5 The temperature (K) (a) and relative humidity (%) (b) averaged over the vicinity of 
deep convection between NAM analyses and WRF simulations from 300 mb to 
100 mb in case 1.  
 
 
 
 
67 
 
         a)                             
        
         b)                                                                                   
           
                                                                                                        
Figure 6 As in Figure 5 except for case 2. 
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         a)                             
     
          b)                             
    
 
Figure 7 NAM analysis tropopause pressure levels (mb) averaged over the vicinity of deep 
convection in case 1 (a) and in case 2 (b). 
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         a)                             
      
         b)                             
        
                                                         
Figure 8 The hourly water vapor (kg/kg), condensate mixing ratio (kg/kg) and water vapor 
tendencies (kg/kg/hr) due to vertical advection, horizontal advection, 
microphysics, mixing averaged over the vicinity of deep convection from WRF 
simulations from 300 mb to 100 mb for case 1 (a) and for case 2 (b). 
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        a)                             
    
        b)                             
                                                   
     
Figure 9 The hourly water vapor (kg/kg), condensate mixing ratio (kg/kg) and vertical 
velocity (w) (m/s) averaged over the vicinity of deep convection from WRF 
simulations from 300 mb to 100 mb for case 1 (a) and for case 2 (b). 
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        a)                             
    
        b)                             
     
                                                                                                                 
Figure 10 The hourly water vapor (kg/kg), condensate mixing ratio (kg/kg) and temperature 
(K) averaged over the vicinity of deep convection from WRF simulations from 
300 mb to 100 mb for case 1 (a) and for case 2 (b). 
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        a)    
   
 
 b)                                                                                                                                                      
 
                                                                                                              
Figure 11 The hourly water vapor (kg/kg), condensate mixing ratio (kg/kg) and relative 
humidity (%) averaged over the vicinity of deep convection from WRF 
simulations from 300 mb to 100 mb for case 1 (a) and for case 2 (b). 
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a)                                          b)    
 
  c)                                           d)    
 
  e)                          
 
Figure 12 Backward trajectories computed from WRF simulations for case 1 starting at 00 
UTC July 14 2006 on levels 300 mb (a), 250 mb (b), 200 mb (c), 150 mb (d), and 
100 mb (e) going back to 17 UTC July 13 2006. The shading is terrain height. 
74 
 
a)                                          b) 
 
  c)                                           d) 
 
  e) 
 
Figure 13 The backward trajectories computed from WRF simulations for case 2 start at 19 
UTC 15 November on levels 300 mb (a), 250 mb (b), 200 mb (c), 150 mb (d), and 
100 mb (e) going back 9 UTC. The shading is terrain height. 
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Table 1.  The positions and diagnostic variables computed along the backward 
trajectories started at 300 mb for case 1  
 
Trajectory # 1: 
Time (h)     Press (mb)      Qvapor (g/kg)     Temp (K)         RH (%)       Poten. Temp (K) 
 
        5.000        734.245            7.946            287.677       55.204            314.204 
        6.000        722.161            7.922            286.335       58.544            314.261 
        7.000        720.641            8.809            285.690       67.878            313.741 
        8.000        720.082            9.979            285.034       80.619            313.086 
        9.000        707.985           10.622            283.413       93.744            312.823 
       10.000        661.301            9.300            279.820       99.135            314.934 
       11.000        409.320            2.680            257.207       98.838            332.011 
       12.000        300.000            0.710            242.109       72.425            341.684 
 
Trajectory # 2:  
Time (h)     Press (mb)      Qvapor (g/kg)     Temp (K)         RH (%)       Poten. Temp (K) 
 
        5.000        623.144            2.549            276.975       30.400            317.101 
        6.000        624.160            2.680            276.921       32.156            316.897 
        7.000        604.798            2.093            275.235       27.963            317.808 
        8.000        570.210            1.574            272.294       23.973            319.806 
        9.000        554.457            1.331            270.779       22.581            320.520 
       10.000        570.298            1.343            273.360       19.130            321.058 
       11.000        404.298            2.991            258.477       98.051            334.810 
       12.000        300.000            0.798            242.526       77.197            342.247 
 
Trajectory # 3: 
Time (h)     Press (mb)      Qvapor (g/kg)     Temp (K)         RH (%)       Poten. Temp (K) 
 
        5.000        503.859            0.752            267.280       15.297            325.132                            
        6.000        507.115            0.759            267.696       14.960            325.069 
        7.000        508.807            0.772            267.841       15.022            324.958 
        8.000        497.336            0.695            266.762       14.620            325.751 
        9.000        474.753            0.700            263.880       17.740            326.611 
       10.000        443.702            1.988            261.395       57.545            329.785 
       11.000        323.596            1.015            247.162       70.434            341.285 
       12.000        300.000            0.734            242.207       74.371            341.789 
 
Trajectory # 4: 
Time (h)     Press (mb)      Qvapor (g/kg)     Temp (K)         RH (%)       Poten. Temp (K) 
 
        5.000        803.788           10.707            292.107       62.388            310.932 
        6.000        807.086           10.827            292.379       61.901            310.846 
        7.000        804.085           11.637            291.733       68.617            310.488 
        8.000        795.277           13.266            290.291       84.271            309.935 
        9.000        788.106           13.689            289.550       90.777            309.946 
       10.000        787.312           13.208            289.691       86.252            310.187 
       11.000        752.006            8.806            286.855       66.713            311.160 
       12.000        300.000            0.891            243.691       77.622            343.880 
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Table 2.  As in Table 1 except started at 250 mb 
 
Trajectory # 1: 
Time (h)     Press (mb)      Qvapor (g/kg)     Temp (K)         RH (%)       Poten. Temp (K) 
 
        5.000        884.461           15.499            297.667       69.021            308.264    
        6.000        873.540           16.807            296.643       78.852            308.280 
        7.000        866.407           16.186            296.859       74.339            309.235 
        8.000        862.317           16.015            296.940       73.064            309.742 
        9.000        836.597           15.594            294.668       81.700            310.045 
       10.000        745.797           12.831            286.504       98.284            311.476 
       11.000        355.290            1.892            251.551       97.455            338.183 
       12.000        250.000            0.285            232.511       61.917            345.698 
 
Trajectory # 2: 
Time (h)     Press (mb)      Qvapor (g/kg)     Temp (K)         RH (%)       Poten. Temp (K) 
 
        5.000        289.830            0.412            237.768       62.998            338.790    
        6.000        297.958            0.446            239.250       60.590            338.271 
        7.000        298.257            0.451            239.351       60.282            338.327 
        8.000        311.205            0.542            241.761       58.299            337.649 
        9.000        315.258            0.440            243.260       41.560            338.463 
       10.000        361.003            0.749            251.285       40.540            336.240 
       11.000        308.071            1.059            244.624       84.872            342.627 
       12.000        250.000            0.307            232.420       67.424            345.576 
 
Trajectory # 3: 
Time (h)     Press (mb)      Qvapor (g/kg)     Temp (K)         RH (%)       Poten. Temp (K) 
 
        5.000        874.126           15.996            295.335       81.278            306.890 
        6.000        879.644           16.738            295.948       82.514            306.955 
        7.000        878.176           16.315            296.489       77.792            307.660 
        8.000        892.898           16.489            298.149       72.214            307.923 
        9.000        933.719           16.609            302.263       59.176            308.222 
       10.000        827.787           16.832            292.374       97.969            308.546 
       11.000        278.790            0.608            239.639       72.136            345.380 
       12.000        250.000            0.310            232.494       67.499            345.692 
 
Trajectory # 4: 
Time (h)     Press (mb)      Qvapor (g/kg)     Temp (K)         RH (%)       Poten. Temp (K) 
 
        5.000        520.109            1.296            268.640       24.849            323.925 
        6.000        531.575            1.250            269.306       23.279            322.717 
        7.000        533.047            1.290            269.356       23.915            322.520 
        8.000        533.582            1.357            269.511       24.836            322.614 
        9.000        536.708            1.428            269.513       26.142            322.065 
       10.000        538.364            1.313            270.593       22.420            323.054 
       11.000        555.505            4.304            272.264       66.914            322.035 
       12.000        250.000            0.351            233.662       67.162            347.425 
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Table 3.  As in Table 1 except started at 200 mb  
 
Trajectory # 1: 
Time (h)     Press (mb)      Qvapor (g/kg)     Temp (K)         RH (%)       Poten. Temp (K) 
 
        5.000        823.017           10.541            294.766       52.273            311.604 
        6.000        812.467           11.471            293.214       61.895            311.113 
        7.000        796.914           12.871            291.268       76.339            310.802 
        8.000        782.719           12.792            290.044       80.519            311.100 
        9.000        755.812           12.297            287.556       88.957            311.478 
       10.000        376.120            2.252            254.759       91.908            336.987 
       11.000        216.385            0.144            224.559       62.746            347.978 
       12.000        200.000            0.062            221.400       38.363            350.846 
 
Trajectory # 2: 
 Time (h)     Press (mb)       Qvapor (g/kg)     Temp (K)       RH (%)       Poten. Temp (K) 
 
        5.000        780.632           11.127            290.651       67.540            311.995 
        6.000        789.880           11.566            291.393       67.949            311.731 
        7.000        790.482           12.949            290.794       79.047            311.019 
        8.000        792.693           14.655            290.366       92.558            310.301 
        9.000        255.329            0.403            235.274       68.378            347.630 
       10.000        200.274            0.088            221.190       55.246            350.346 
       11.000        192.756            0.071            218.234       57.756            349.559 
       12.000        200.000            0.081            219.966       57.924            348.585 
 
Trajectory # 3: 
Time (h)     Press (mb)     Qvapor (g/kg)     Temp (K)         RH (%)       Poten. Temp (K) 
 
        5.000        450.734           0.693            261.339       20.414            328.217 
        6.000        452.647           0.686            261.661       19.480            328.200 
        7.000        450.079           0.682            261.140       20.294            328.096 
        8.000        435.383           0.773            259.310       26.864            328.987 
        9.000        413.235           0.855            256.218       35.430            329.907 
       10.000        418.262           0.722            258.441       25.069            331.658 
       11.000        232.364           0.226            229.456       65.389            348.268 
       12.000        200.000           0.084            219.936       60.313            348.546 
 
Trajectory # 4: 
Time (h)     Press (mb)      Qvapor (g/kg)     Temp (K)        RH (%)       Poten. Temp (K) 
 
        5.000        553.767            1.085            271.640       17.515            321.642 
        6.000        549.696            1.143            270.982       19.283            321.566 
        7.000        568.161            1.495            272.390       22.611            320.240 
        8.000        582.973            2.091            273.292       30.225            318.963 
        9.000        594.088            2.990            273.506       43.960            317.462 
       10.000        572.429            1.816            273.315       25.971            320.659 
       11.000        569.809            4.548            272.693       67.590            320.281 
       12.000        200.000            0.086            220.319       57.768            349.136 
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Table 4.  As in Table 1 except started at 150 mb  
 
Trajectory # 1: 
Time (h)     Press (mb)      Qvapor (g/kg)     Temp (K)         RH (%)       Poten. Temp (K) 
 
        5.000        183.872             0.007           221.120        3.817           359.028 
        6.000        184.692             0.007           221.146        4.042           358.628 
        7.000        182.865             0.007           220.450        4.404           358.488 
        8.000        180.560             0.006           220.284        3.973           359.459 
        9.000        183.129             0.006           221.639        3.215           360.264 
       10.000        168.847             0.002           217.584        1.433           362.045 
       11.000        150.992             0.002           217.115        1.758           373.004 
       12.000        150.000             0.006           216.068        4.996           371.925 
 
Trajectory # 2: 
Time (h)     Press (mb)      Qvapor (g/kg)     Temp (K)         RH (%)       Poten. Temp (K) 
 
        5.000        115.133            0.004            211.548        5.067            392.672 
        6.000        114.614            0.004            210.557        5.973            391.364 
        7.000        121.158            0.005            211.681        5.755            387.160 
        8.000        115.923            0.004            210.524        6.220            390.015 
        9.000        140.712            0.031            218.903       19.200            383.668 
       10.000        137.866            0.029            215.472       25.488            379.680 
       11.000        141.125            0.045            215.530       40.491            377.456 
       12.000        150.000            0.036            216.744       29.789            373.122 
 
Trajectory # 3: 
Time (h)     Press (mb)      Qvapor (g/kg)     Temp (K)         RH (%)       Poten. Temp (K) 
 
        5.000        148.655             0.004            215.961        3.845            372.659 
        6.000        150.536             0.004            216.358        3.755            371.975 
        7.000        153.594             0.004            217.034        3.595            370.931 
        8.000        152.820             0.004            217.336        3.415            372.026 
        9.000        156.431             0.004            216.195        3.655            367.501 
       10.000        157.524             0.003            215.122        2.697            364.914 
       11.000        154.898             0.002            214.206        2.120            365.249 
       12.000        150.000             0.015            215.251       16.423            370.571 
 
Trajectory # 4: 
Time (h)     Press (mb)      Qvapor (g/kg)     Temp (K)        RH (%)       Poten. Temp (K) 
 
        5.000        162.834            0.006            217.940        4.304            366.409 
        6.000        167.899            0.005            219.057        3.748            365.102 
        7.000        168.059            0.004            219.076        2.999            365.027 
        8.000        180.621            0.001            219.968        0.555            358.838 
        9.000        176.072            0.005            218.237        3.817            358.690 
       10.000        190.623            0.066            219.798       44.616            353.221 
       11.000        170.303            0.039            214.601       45.218            356.196 
       12.000        150.000            0.019            215.092       23.505            370.342 
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Table 5.  As in Table 1 except started at 100 mb  
 
Trajectory # 1: 
Time (h)     Press (mb)      Qvapor (g/kg)     Temp (K)         RH (%)       Poten. Temp (K) 
 
        5.000        115.011            0.004            211.654       4.986            392.991 
        6.000        111.107            0.004            210.599       5.780            395.032 
        7.000        110.649            0.004            210.610       5.854            395.520 
        8.000        114.568            0.005            210.770       6.315            391.846 
        9.000        113.798            0.014            211.257       6.754            393.529 
       10.000        111.046            0.007            210.822       9.489            395.545 
       11.000        106.128            0.008            210.118      10.609            399.139 
       12.000        100.000            0.005            209.232       6.368            404.456 
 
Trajectory # 2: 
Time (h)     Press (mb)      Qvapor (g/kg)     Temp (K)         RH (%)       Poten. Temp (K) 
 
        5.000        101.709            0.005            211.216        6.037            406.185 
        6.000        106.499            0.006            210.871        7.221            400.203 
        7.000         98.395            0.006            210.179        6.956            408.219 
        8.000         97.895            0.006            211.230        6.123            410.870 
        9.000         94.014            0.006            211.172        5.831            415.506 
       10.000         94.937            0.005            209.104        7.273            410.323 
       11.000         95.361            0.006            209.642        7.370            410.819 
       12.000        100.000            0.004            210.183        5.379            406.307 
 
Trajectory # 3: 
Time (h)     Press (mb)      Qvapor (g/kg)     Temp (K)         RH (%)       Poten. Temp (K) 
 
        5.000        116.356            0.004            211.227        5.532            390.920 
        6.000        114.260            0.004            210.794        5.857            392.230 
        7.000        112.895            0.004            210.231        6.292            392.548 
        8.000        112.390            0.005            210.167        6.479            392.940 
        9.000        108.065            0.005            212.113        5.215            400.987 
       10.000        109.894            0.005            210.851        6.155            396.723 
       11.000        101.585            0.005            211.157        5.901            406.264 
       12.000        100.000            0.005            209.542        6.821            405.083 
 
Trajectory # 4: 
Time (h)      Press (mb)      Qvapor (g/kg)     Temp (K)         RH (%)       Poten. Temp (K) 
 
        5.000        108.818            0.005            210.230        6.089            396.672 
        6.000        109.340            0.004            210.073        6.193            395.834 
        7.000        114.128            0.004            210.274        6.105            391.396 
        8.000        116.654            0.004            209.891        6.624            388.166 
        9.000        113.136            0.005            212.093        5.081            395.779 
       10.000        106.050            0.005            210.029        6.490            399.086 
       11.000         98.426            0.006            210.695        6.375            409.167 
       12.000        100.000            0.004            209.846        5.297            405.677 
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CHAPTER 4.  Sensitivity of Aura-MLS data to algorithm choice 
 
General Discussion 
 
The version 1.5 (v1.5) and version 2.2 (v2.2) water vapor profile measurements from 
Earth Observing System (EOS) Microwave Limb Sounder (Aura-MLS) on the Aura satellite 
over the NAM’s domain and the five sub-regions described in chapter 2 were compared with 
GFS and NAM analyses and amongst themselves at six levels 300, 250, 200, 150, 100, and 
50 mb. This comparison was performed to evaluate the consistency between the two different 
algorithms and analysis dataset and therefore explore the robustness of the results obtained. 
 V1.5 and v2.2 water vapor are observed from calibrated MLS radiance observations 
by the MLS data processing algorithms (Livesery et al. 2005; 2006). V1.5 is the first version 
of the MLS data set released in public. V2.2 has become the second public release of MLS 
data since April 2007. Version 2.2 water vapor data has 47 vertical levels while version 1.5 
water vapor data has 37 vertical levels. Below 22 mb, version 2.2 water vapor has double the 
number of levels from v1.5 (Read et al. 2007). The water vapor mixing ratios from Aura-
MLS at pressure levels were interpolated using a log/log interpolation to six those levels. In 
general, the different trends between between the NAM and GFS analyses with v1.5 were 
very similar to the differences with v2.2 as discussed in Chapter 2.  
In the tropics, the GFS analyses were moister than both v1.5 and v2.2 at all levels 
except 100mb with less severe in summer. In addition, v2.2 was very similar to v1.5 at levels 
300, 250, and 200 mb, but slightly moister than v1.5 at 300 and 250 mb and slightly drier 
than v1.5 at 200 mb (Figure 1). However, v2.2 was drier than v1.5 at 150 mb and moister 
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than v1.5 at 100, and somewhat moister at 50 mb. Thus, GFS analyses were closer to v2.2 
than v1.5 at 100 and 50 mb and to v1.5 than v2.2 at 150 mb. In northern mid-latitudes, the 
GFS analyses were moister than both v1.5 and v2.2 at 300, 250, and 200 mb while V1.5 and 
v2.2 were very similar at levels 300, 250, and 200 mb (not shown). Unlike the tropics, v2.2 
was moister than v1.5 at 150 and 50 mb and drier than v1.5 at 100 mb (Figure 2). On the 
other hand, GFS analyses were drier at 100 mb and moister at 150 and 50 mb than both v1.5 
and v2.2. Thus, GFS analyses were closer to v2.2 than v1.5 at 150, 100 and 50 mb. The 
differences between v2.2 and v1.5 for the southern mid-latitudes were similar to those for the 
northern mid-latitudes at every season and level (not shown). In the northern pole, GFS 
analyses were moister at 300, 250, 200 and 50 mb and drier at 100 and 150 mb, except in 
winter and spring 2005, than both v1.5 and v2.2. However, v2.2 was moister than v1.5 at 
higher levels such as 150, 100, and 50 mb, and v2.2 was drier than v1.5 at lower levels such 
as 250, and 200 mb (Figure 3). Thus, GFS analyses were closer to v1.5 than v2.2 at all levels 
except 300 mb, at 150 mb in winter and spring 2005 and at 50 mb. In southern pole, the 
differences between v2.2 and v1.5 were similar to what was found in northern pole except at 
150 mb in winter 2005 and at 100 mb in summer 2006 when v2.2 was drier than v1.5.   
Over the NAM’s domain during the two years analyzed, NAM analyses were moister 
than both versions with smaller differences at 300 mb, 50 and 100 mb in winter. V2.2 and 
v1.5 were very similar at lower levels such as 300, 250, and 200 mb, except v2.2 was slightly 
moister at 300 mb in summer. At 150 mb, v2.2 was moister than v1.5 in the winter and 
slightly drier in the fall. At 100 mb, v2.2 was drier than v1.5 in winter and moister in 
summer. V2.2 was moister than v1.5 at 50 mb in all seasons. Thus, NAM analyses were 
closer to v2.2 than v1.5 at 150 mb in winter, 100 mb in summer and 50 mb.  
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Figures 
 
 
 
 
Figure 1. PDFs comparing MLS V2.2 with MLS V1.5 water vapor volume mixing ratios at 300, 250, 
200, 150, 100, and 50 mb for summer 2006 in the tropics. 
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Figure 2. PDFs comparing MLS V2.2 with MLS V1.5 water vapor volume mixing ratios at 300, 250, 
200, 150, 100, and 50 mb for winter 2006 in the northern mid-latitudes. 
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Figure 3. PDFs comparing MLS V2.2 with MLS V1.5 water vapor volume mixing ratios at 300, 250, 
200, 150, 100, and 50 mb for fall 2006 in the northern pole. 
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CHAPTER 5.  GENERAL CONCLUSIONS 
 
In this study, I presented the first comparisons of water vapor mixing ratio from GFS 
and NAM analyses with Aura-MLS measurements in the upper troposphere and lower 
stratosphere (UTLS). I also investigated the effects of thunderstorm activity on water vapor 
transport processes in the upper troposphere and lower stratosphere by using a numerical 
modeling approach.  
Chapter 2 provided the results of the National Center for Environmental Prediction’s 
(NCEP’s) Global Forecasting System (GFS) and North American Mesoscale model (NAM) 
analyses of water vapor compared with Aura-MLS data in the UTLS. The main goal of this 
paper was to study how well the global and regional model analyses of water vapor 
compared with Aura-MLS measurements in the UTLS. For that purpose, the comparisons 
were made over a two year period covering 2005 and 2006 and made use of probability 
density functions and box and whisker diagrams. Only 12 UTC GFS analyses and 18 UTC 
NAM analyses have been used for comparisons. All Aura-MLS measurements within the 60 
minute period centered on the GFS and NAM analysis times were used in the comparison. 
Aura-MLS measurements were vertically interpolated using procedures suggested by NASA 
(interpolation of logarithmic mixing ratio by logarithmic height). The Aura footprint roughly 
200 km in the along-path direction and 7-8 km in the across-path direction was accounted for 
by averaging all 12 km grid spacing NAM and 1 degree grid spacing GFS analysis data 
points falling within this zone.  Comparisons were made for the tropics (latitudes between 
20S and 20N), northern midlatitudes (20-60 N), southern midlatitudes (20-60S), northern 
polar (60-90 N) and southern polar (60-90 S) regions during the four seasons.  
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It was found that substantial differences existed in water vapor mixing ratio 
depictions in the upper troposphere/lower stratosphere between the model analyses and 
satellite measurements.  PDFs show a moist bias was present in both model analyses at most 
levels in the 300-50 mb layer, except for a dry bias away from the tropics at 150 and 100 mb 
in the GFS analyses.  The GFS analyses differed most from the Aura-MLS measurements in 
the polar regions, possibly a result of the limited amount of other observations going into 
model analyses in these regions relative to the other regions studied (tropics, north and south 
mid-latitudes).  Overall, the NAM analyses were more consistent with the MLS 
measurements than the GFS analyses.  Interestingly, NAM analyses agreed better with Aura 
MLS measurements during summer and fall of 2005 than during the same seasons in 2006, a 
time when the Weather Research and Forecasting (WRF) model had replaced the Eta model 
in the NAM analyses.   It is unclear why the differences increased after the change to the 
WRF model.  In the stratosphere, at 50 mb, one of the primary differences between the model 
analyses and the Aura-MLS mixing ratios was the presence of scattered points in the model 
analyses with much higher mixing ratios than the mean at this level.  This resulted in a far 
flatter curve for the probability density functions. 
I also investigated how convective systems affected moisture in the UTLS by using 
the WRF-ARW model to simulate two convective system events in the United States in 
Chapter 3. The WRF runs were performed on a domain with 10 km and 5 km grid spacing 
for cases that occurred during July and November. Moistening rates due to horizontal and 
vertical advection, microphysical processes, and turbulence and diffusion were examined.   
The results showed that vertical advection appears to play the most important role in 
transporting water vapor to the upper troposphere in these events, but the moistening from 
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this process is almost exactly opposed by drying due to microphysical processes as the vapor 
is converted to other water phases.  Horizontal advection appears to play an important role in 
transporting some moisture downstream from the area of intense convection and into the 
near-tropopause region. 
Finally, Chapter 4 provided the results of studying the sensitivity of MLS data to 
algorithm choices over several regions as defined in the Chapter 2. In general, the differences 
between NAM and GFS analyses with v2.2 were the same as those with v1.5. The 
differences between v2.2 and v1.5 were most noticeable at higher levels such as 150, 100, 
and 50 mb. GFS analyses agreed better with v2.2 than v1.5 at 100 and 50 mb in tropics, and 
at 150, 100, and 50 mb in northern and southern mid-latitudes and tropics, and at 50 mb in 
polar regions. In addition, GFS analyses agreed better with v1.5 than v2.2 at 250, 200, 150, 
100 in polar regions, 150 mb in tropics. Also, NAM analyses agreed better with v2.2 at 50 
mb, 100 mb in summer, and 150 mb in winter relative to v1.5. 
One of the main goals of this study was to show the model errors in both GFS and 
NAM water vapor analyses at the upper troposphere and lower stratosphere. So, assimilation 
of the Aura satellite retrievals into models will be next step toward reducing these errors and 
improving the model forecast results in the future. In addition, this study has also showed 
what physical processes governed how much water vapor is transported to the upper 
troposphere and lower stratosphere by convective system activity in the United States. 
However, the results were analyzed for two cases. Future work will look at more additional 
cases to provide a more thorough and complete understanding of the findings above. 
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